Abstract Myo-inositol monophosphatase (IMP) catalyzes the dephosphorylation of myo-inositol 3-phosphate in the last step of myo-inositol biosynthesis. IMP is also important in phosphate metabolism and is required for the biosynthesis of cell wall polysaccharides, phytic acid, and phosphatidylinositol. In Arabidopsis, IMP is encoded by VTC4. There are, however, two additional IMP candidate genes, IMPL1 and IMPL2, which have not yet been elucidated. In our genetic studies of Arabidopsis IMP genes, only the lossof-function mutant impl2 showed embryonic lethality at the globular stage. All IMP genes were expressed in a similar manner both in the vegetative and reproductive organs. In developing seeds, expression of IMP genes was not coupled with the expression of the genes encoding myo-inositol phosphate synthases, which supply the substrate for IMPs in the de novo synthesis pathway. Instead, expression of IMP genes was correlated with expression of the gene for myoinositol polyphosphate 1-phosphatase (SAL1), which is involved in the myo-inositol salvage pathway, suggesting a possible salvage pathway role in seed development. Moreover, the partial rescue of the impl2 phenotype by histidine application implies that IMPL2 is also involved in histidine biosynthesis during embryo development.
Introduction
In eukaryotes, myo-inositol is a key precursor to various phospho metabolites such as phytic acid, phosphatidylinositol, Indole-3-acetic acid conjugate of myo-inositol, and cell wall polysaccharides (Loewus and Murthy 2000) . Myo-inositol is synthesized de novo from glucose 6-phosphate in two sequential steps catalyzed by myo-inositol phosphate synthase (MIPS) and myo-inositol monophosphatase (IMP). IMP has been purified from rat (Takimoto et al. 1985) , bovine (Gee et al. 1988; Diehl et al. 1990) , and human (McAllister et al. 1992; Ohnishi et al. 2007) (Hallcher and Sherman 1980; Loewus and Loewus 1983) .
In many plant species, MIPS1, MIPS2, and MIPS3 encode myo-inositol 3-phosphate synthase, which catalyzes the conversion of D-glucose 6-phosphate to myo-inositol 3-phosphate in the de novo myo-inositol synthesis pathway (Abid et al. 2009) , and IMP catalyzes the last step of the conversion of glucose 6-phosphate to myo-inositol in tomato (Gillaspy et al. 1995; Styer et al. 2004) , barley (Fu et al. 2008) , soybean (Islas-Flores and Villanueva 2007) , rice (Suzuki et al. 2007) , and kiwifruit (Laing et al. 2004) . RNAi suppression of MIPS activity in potato (Solanum tuberosum) results in a variety of morphological changes (Keller et al. 1998; Abid et al. 2009 ). The knockout of soybean MIPS (GmMIPS) leads to aborted seed development (Nunes et al. 2006; Abid et al. 2009 ). The MIPS enzymes are localized in both the cytosol and chloroplast in higher organisms (Abid et al. 2009 ), and MIPS protein localizes to the cytosol of the Arabidopsis seed endosperm (Mitsuhashi et al. 2008) .
Like animal IMPs, plant IMPs show Li ? sensitivity (Hallcher and Sherman 1980; Loewus and Loewus 1983 ). An alternative pathway, called a salvage pathway, has been characterized in plants. In this pathway, myo-inositol is regenerated from various myo-inositol phosphate derivatives by dephosphorylation, and IMP is also responsible for the dephosphorylation of D-myo-inositol 4-phosphate, which is produced by SAL1 in the salvage pathway (Gillaspy et al. 1995; Quintero et al. 1996) .
In Arabidopsis, VTC4, which exhibits IMP activity, also hydrolyzes L-galactose 1-phosphate (Torabinejad et al. 2009 ), as demonstrated in kiwifruits (Laing et al. 2004 ). Thus, plant IMPs appear to have broad substrate specificity. In addition to VTC4, Arabidopsis databases indicate that IMPL1 and IMPL2 are putative IMPs (Laing et al. 2004; Conklin et al. 2006; Torabinejad et al. 2009 ). In this study, histological analysis and real-time PCR of VTC4, IMPL1, and IMPL2 showed similar organ expression patterns at different developmental stages. Their expression patterns were correlated with that of the myo-inositol polyphosphate 1-phosphatase gene, which is involved in the myo-inositol salvage pathway, rather than with those of the MIPS genes involved in the de novo synthesis pathway. Moreover, only the IMPL2 knockout line was lethal at the globular stage of embryogenesis and could be complemented with a fulllength IMPL2, suggesting that IMPL2 has another enzyme activity with critical roles in embryogenesis that is distinct from those of VTC4 and IMPL1.
Materials and methods

Plant materials and growth conditions
Seed stocks for SALK_124820 (vtc4), SALK_076930 (impl2) T-DNA insertion lines were obtained from the Arabidopsis Biological Resource Center at Ohio State University. Arabidopsis thaliana (ecotype Columbia-0) and the mutants were surface-sterilized and grown from seeds at 22°C under continuous illumination from white fluorescent tubes (32 lmol m -2 s -1 ). To screen mutants, seeds were grown on medium containing 1.5% (w/v) purified agar supplemented with 0.5% (w/v) sucrose and 1/2 macro MS salts (Murashige and Skoog 1962) . Plants grown in soil (Kureha Chemical Industry, Tokyo, Japan) were also illuminated (32 lmol m -2 s -1
) continuously at 22°C.
Microscopic observation of Arabidopsis embryos
Whole siliques of wild-type and heterozygous mutants were fixed in 90% (v/v) ethanol and 10% (v/v) acetic acid for over 1 h, washed with a graded ethanol series (90, 70, 50, and 30% ethanol) for 20 min each, and cleared in chloral hydrate solution (8 g chloral hydrate/1 mL glycerol/2 mL water) for 2-24 h at 4°C. Cleared seeds were observed under a stereomicroscope (CLS 150XB; Leica, Wetzlar, Germany) or a light microscope (DMRB; Leica). Embryos were observed using differential interference contrast imaging.
Isolation of T-DNA insertion mutants and complementation
Heterozygous plants were identified using gene-specific primers and a T-DNA left-border primer (LBb1) from the SIGnAL iSect Primer Design program at http://signal. salk.edu/. The gene-specific primers used for PCR were 5 0 -AATGTTAGCTCAGTCGCACTTCTTC-3 0 (S1) and 5 0 -GGTCAATGGACGCAAACTTACAA-3 0 (AS1). For complementation of impl2, the 4,541-bp fragment, including the IMPL2 promoter region and the full-length IMPL2 gene, was amplified from Arabidopsis genomic DNA using the primers 5 0 -GATGGATTTGAAAGCGA GACACA-3 0 and 5 0 -ACACAAAGCCAAAAATAAAATA ACTCTG-3 0 , digested with BamHI, and cloned into the binary cloning vector pPZP221 (Hajdukiewicz et al. 1994) . The construct was transformed into heterozygous impl2 plants with the Agrobacterium-mediated floral-dip method (Clough and Bent 1998) , and the transgenic (T 1 ) plants were selected on agar plates supplemented with 50 lg mL -1 gentamycin. The T 2 seeds obtained from the gentamycin-resistant T 1 plants were grown in soil and subjected to PCR analysis using LBb1, gene-specific primers, and gentamycin primers 5 0 -TGGCGGTACTT GGGTCGATA-3 0 (Gm-S1) and 5 0 -AGCAACGATGTTA CGCAGCAG-3 0 (Gm-AS1).
Construction of promoter-GUS and GUS activity assay
For the construction of the VTC4 promoter-b-glucuronidase (GUS) gene fusion (pVTC4::GUS), a 1,072-bp fragment upstream of the start codon was amplified by PCR from Arabidopsis genomic DNA using the primers 5 0 -GT CATCGCTGTCTTGGAACGAGAGAAAGGT-3 0 and 5 0 -G AGTGATGCTTTCTTTACTTTGGGATGTGTTTCAG-3 0 . For the construction of the IMPL1 promoter-GUS fusion (pIMPL1::GUS), a 300-bp fragment upstream of the start codon and a 1,237-bp downstream fragment including introns and exons were amplified by PCR from Arabidopsis genomic DNA using the primers 5 0 -ACTGTATCTTCCCGGTATGA TCTCC-3 0 and 5 0 -ATGAATTTTTTGCCCGTTACACA-3 0 . For the construction of the IMPL2 promoter-GUS fusion (pIMPL2::GUS), an 800-bp fragment upstream of the start codon and a 900-bp downstream fragment including introns and exons were amplified by PCR from Arabidopsis genomic DNA using the primers 5 0 -TCCCACGACCC TCTTCAAGAC-3 0 and 5 0 -GTCTGCAGATTCCTCTTT GCATCT-3 0 . These fragments were individually cloned into a pBI101 vector (Jefferson et al. 1987) with BamHI sites, leading to a fusion between the promoter and GUS. The constructs were individually transformed into Arabidopsis (Columbia-0) plants using the Agrobacteriummediated floral-dip method, and the transgenic (T 1 ) plants were selected on agar plates supplemented with 50 lg mL -1 kanamycin. Histochemical analysis was performed using GUS activity staining. The transformed plants were incubated for 2-8 h with X-Gluc solution [0.5 mg mL -1 5-bromo-4-chloro-3-indolyl-b-D-glucuronide in 100 mM sodium phosphate buffer (pH 7.0) with 0.1% (v/v) Triton X-100, 1 mM potassium ferricyanide, and potassium ferrocyanide] at 37°C. The samples were then cleared with chloral hydrate solution for embryo analysis and observed under a light microscope (DMRB; Leica).
Quantitative real-time PCR
Plants were grown in soil. Rosettes and roots (3 weeks after sowing), stems and cauline leaves (4 weeks after sowing), and flower buds and siliques [4-12 days after flowering (DAF)] were collected from 10 to 15 plants for one experiment. Total RNA was extracted using both a Plant RNA Isolation Aid and an RNAqueous RNA isolation kit (Ambion, Austin, TX). First-strand cDNA was synthesized from total RNA (1 lg) with the QuantiTect Reverse Transcription kit (Qiagen, Valencia, CA). Quantitative real-time PCR with 29 SYBR Green Master Mix reagent (Qiagen) was performed using the first-strand cDNA as a template on a sequence detector system (ABI Prism 7300; Applied Biosystems, Foster City, CA). The results were normalized using 18S rRNA as an internal control, and plasmid DNAs containing corresponding cDNAs were used as templates to generate a calibration curve. The experiments were repeated twice with similar results. 0 -AAAGCTCCATACTTTG CTTGGCTAT-3 0 for SAL1. The thermal cycle used was as follows: 95°C for 10 min, 40 cycles at 95°C for 15 s and 60°C for 1 min.
Histidine application
The method of histidine rescue was based on Muralla et al. (2007) . Before plants began to bolt, 500 lM L-histidine (Product H8125; Sigma) was applied by daily watering to their roots. The wild-type and heterozygous plants were identified by PCR screening, and seeds of four siliques from a primary flowering stem on each of three wild-type and heterozygous plants were counted *10 DAF.
Results
IMP genes have similar organ-dependent expression patterns, with the exception of MIPS3
To examine the tissue-specific expression patterns of IMP genes, GUS was fused to the promoter region of each gene and introduced into Arabidopsis. GUS activity was detected in whole plants at 5 (Fig. 1a , c, e) and 10 (Fig. 1b, d , f) days after sowing. VTC4 GUS expression was the most remarkable, and was particularly strong in photosynthetic tissues (Fig. 1a, b) . IMPL1 GUS expression was observed in all tissues (Fig. 1c, d ). IMPL2 GUS expression was comparatively strong in roots, but had little hypocotyl expression (Fig. 1e, f) .
Expression of VTC4, IMPL1, and IMPL2 during plant development was investigated by quantitative PCR. Total RNA was extracted from rosette leaves and roots 3 weeks after sowing and from flowering stems and cauline leaves 4 weeks after sowing, and the expression of genes related to myo-inositol biosynthesis was analyzed. mRNA levels for IMPL1, IMPL2, and VTC4 were highest in rosette leaves and lowest in roots, and all three genes were similarly expressed (Fig. 2a) . Gene expression levels were as follows: VTC4 [ IMPL1 [ IMPL2; the expression ratio in the root was the lowest in IMPL1 but higher in IMPL2 (Fig. 2a) .
SAL1 (At5g63980), MIPS1 (At4g39800), and MIPS2 (At2g22240) [annotated in The Arabidopsis Information Resource (TAIR)], were similarly expressed as compared with IMPL1, IMPL2, and VTC4, but the expression of MIPS2 in cauline leaves was remarkably low (Fig. 2b) . Only MIPS3 (At5g10170) showed a different pattern of expression among these genes, with the highest expression in the roots and low stem expression (Fig. 2b) .
During seed development, the expression patterns of IMP genes are similar to that of SAL1 but not that of MIPS To investigate the tissue-specific expression of IMP genes in reproductive organs, we performed a promoter-GUS assay on flowers and developing seeds. GUS activity was detected in the endosperm and in globular to heart stage embryos in the early stages of seed development, with no significant difference between VTC4, IMPL1, and IMPL2 (Fig. 3a, d, g ). In the torpedo stage, weak GUS staining was observed throughout the embryos of pIMPL1::GUS and pIMPL2::GUS, and in the root of pVTC4::GUS (Fig. 3b, e, h ). Dense GUS staining was observed in the pistil in all three transformants, and weak staining was also observed in the filament of pIMPL1::GUS (Fig. 3c, f, i) . These results support the hypothesis that these genes play roles in seed development.
For the quantitative analysis, total RNA was extracted from whole siliques 4-12 DAF, and the expression was analyzed for seven genes related to myo-inositol biosynthesis. mRNA levels for the three IMP genes were highest at 4 DAF and then decreased until 12 DAF (Fig. 4a) . The expression pattern of SAL1 was similar way to those of the IMP genes, but the expression patterns of the three MIPS genes were different from those of the IMP genes and SAL1 (Fig. 4b) . MIPS1 expression was high from 4 to 12 DAF, MIPS2 was expressed consistently in flower buds and in siliques to 12 DAF, and MIPS3 expression was high in flower buds and in siliques to 4 DAF and decreased thereafter until 12 DAF (Fig. 4b) .
Only the impl2 mutant has an embryo lethal phenotype in the IMP family In Arabidopsis, VTC4 (At3g02870), IMPL1 (At1g31190), and IMPL2 (At4g39120) have sequence similarities to human IMP. To elucidate the functions of the IMP family Fig. 1 Histochemical staining of GUS activity in pVTC4::GUS, pIMPL1::GUS, and pIMPL2::GUS transgenic plants 5 (a, c, e) or 10 (b, d, f) days after sowing. Scale bars 1 mm in Arabidopsis, we obtained a T-DNA tag line for VTC4 (SALK_124820), which showed unchanged and slightly reduced levels of ascorbic acid and myo-inositol, respectively, without altering plant development (data not shown). Because no SALK lines for IMPL1 were available, we suppressed the IMPL1 gene by RNA-induced silencing. In plants grown under normal growth conditions, we did not find a significant developmental defect in IMPL1-RNAi transformants, which had about 55-70% inhibited gene expression (data not shown). Next, we attempted to clarify the biological functions of IMPL2. We obtained an IMPL2 T-DNA insertion line (SALK_076930) from the SALK collections. Sequence analysis showed that the location of the T-DNA insertion was at the border of the first intron and the second exon of At4g39120, 506 bp downstream from the ATG initiation codon (Fig. 5) .
Using a gene-specific PCR method, we verified that all the tested plants that had germinated from the seeds of the heterozygous impl2 plants were wild type or heterozygous, indicating that homozygous plants were lethal. We used microscopy to observe seed maturation in the siliques of heterozygous plants. Compared with the wild-type plants, heterozygous plants had some abnormally shaped, whiteor brown-colored small seeds (Fig. 6a, b) . The ratio of normal to abnormal seeds in the siliques of the heterozygous plants was nearly 3:1 (Table 1 ). In the impl2 mutant, embryo development was aborted in the early globular stage (Fig. 6c) . To investigate whether this phenotype was Fig. 2 Expression analysis of genes in the IMP (a) and MIPS family (b), as well as SAL1 (b), using quantitative real-time PCR in different organs. Gene expression patterns were analyzed from cDNA templates of rosettes, roots, stems, and cauline leaves from plants 3 to 4 weeks after sowing. For each gene, duplicate experiments were performed using different samples (indicated by black and gray bars) J Plant Res (2011) 124:385-394 389 due to the deficiency of IMPL2, we transformed the impl2 heterozygous plants with a genomic fragment including full-length IMPL2. The gentamycin-resistant T 2 plants were selected, subjected to PCR analysis (Fig. 6d) , and observed microscopically. The resultant transformants did not exhibit the mutant phenotype, indicating that embryo lethality was due to deficient IMPL2 function ( Fig. 6e ; Table 1 ).
The impl2 mutant was partially rescued by histidine application
Because knockout of IMPL2 resulted in an embryodefective phenotype, we assumed that IMPL2 has a unique additional function compared to IMP. One notable suggestion by Mormann et al. (2006) is that the Corynebacterium glutamicum cg0910, which has a high degree of sequence similarity to IMPs, encodes L-histidinol-phosphate phosphatase. In Arabidopsis, the knockout mutant of histidine biosynthesis genes (HISN) exhibited an embryodefective phenotype (Stepansky and Leustek 2006; Muralla et al. 2007 ). Therefore, we hypothesized that IMPL2 participates in histidine biosynthesis and that inhibition of histidine biosynthesis in the impl2 mutant may result in embryonic lethality. To test this hypothesis, we performed a seed rescue test by giving histidine to heterozygous plants. The impl2 plants were supplied with 1 mM histidine by watering daily beginning at 2-3 days before bolting, and normal and aborted seeds were counted after seed maturation (Muralla et al. 2007 ). We could not confirm the recovery from aborted to normal seeds by the application of 1 mM histidine in our experiment, but the heterozygous lines supplied with 500 lM histidine displayed a decrease in the number of aborted seeds compared with the control heterozygous impl2 plants (Table 2 ). This result implies that IMPL2 also plays a role in histidine biosynthesis.
Discussion
In this study, we showed that homozygous impl2 is embryonic lethal, although a similar result was not seen in VTC4-or IMPL1-deficient plants. Although we could not measure the endogenous level of myo-inositol in the impl2 mutant because of its lethality, we assumed that it was not significantly reduced. Presumably, this was because VTC4 can compensate for the impl2 mutation. In addition, exogenous myo-inositol did not rescue the impl2 mutant phenotype and allow the isolation of homozygous plants (data not shown). Therefore, it is unlikely that the phenotype caused by homozygous impl2 was due to a deficiency in IMP enzymatic activity. IMPs belong to the phosphomonoesterase protein family, which is inhibited by Li ? . Alignment of IMP amino acids indicates that there is a well-conserved ''A'' motif containing a putative substrate recognition site and a glutamic acid residue responsible for Li ? sensitivity (Neuwald et al. 1991; Bone et al. 1992; Atack et al. 1995; York et al. 1995; Gill et al. 2005) . Human IMP and VTC4 have two enzyme activities, and an IMP from Methanoccocus jannaschii MJ0109 has fructose-1,6-bisphosphatase activity (Table 3 ; Stec et al. 2000) . These results suggest that there are some enzymes with an A motif that have low substrate specificity. Arabidopsis IMPL1, IMPL2, and VTC4 also conserve A motif, indicating that these proteins may have enzymatic activity like IMP, but in vitro some IMPs produce other sugar-monophosphates in addition to myo-inositol 3-phosphate.
In this study, we showed that impl2 was partially rescued by exogenous addition of histidine. The efficiency of the rescue may depend on the growth conditions and plant vigor as suggested by Muralla et al. (2007) . As the IMPL2 primary amino acid sequence exhibited significant similarity to that of L-histidinol-phosphate phosphatase, we tried to examine the different preferences in substrates between VTC4 and IMPL2 in vitro. We could not, however, obtain the IMPL2 protein produced in Escherichia coli in an active form. Independently, Petersen et al. (2010) reported direct evidence indicating that IMPL2 has L-histidinol-phosphate phosphatase activity, supporting our hypothesis.
The real-time PCR analysis of the genes for the de novo and salvage pathways of myo-inositol synthesis demonstrated that these genes were coordinately expressed in the vegetative and reproductive organs (Figs. 2, 4) . MIPS3 expression was highest in the root, unlike the other genes, and the biological significance of this increased expression is unclear at present. The observation that the time course of IMP expression during seed development was similar to that of SAL1, a gene for the enzyme in the salvage pathway of myo-inositol biosynthesis, suggests that the salvage pathway may also be involved in myo-inositol synthesis during seed development. The MIPS1 transcript level in seed development was high from 4 to 12 DAF (Fig. 4) , suggesting that myo-inositol 3-phosphate might be converted in the phytic acid pathway (Mitsuhashi et al. 2008; Abid et al. 2009 ). In shown by black arrows. RB indicate right T-DNA border. Gray arrows represent At4g39120 gene-specific primers S1 and AS1. Primer sequences can be found in ''Materials and methods'' Fig. 6 Phenotype of the seeds of self-pollinated impl2 heterozygous plants and rescue with wild-type IMPL2. Morphology of the normal seeds from a wild-type silique (a), of seeds from self-pollinated impl2 heterozygous plants (b), and of seeds from a complemented heterozygous impl2 mutant using full-length IMPL2 (e). All siliques were examined in the green mature seed stage after 7 DAF. The aborted seeds are marked by arrowheads. Microscopic observation of an aborted (left) and normal (right) embryo in a single silique from an impl2 heterozygous plant 5 DAF (c). Screening of the gentamycinresistant T 2 heterozygous plants, complemented with a full-length IMPL2, was verified by PCR (d). Primers S1/AS1, LBb1/AS1, and Gm-S1/Gm-AS1 were used to demonstrate the presence of IMPL2, the T-DNA insertion, and gentamicin (Gm)-resistant genes, respectively. Scale bars 1 mm (a, b, e) and 30 lm (c) conclusion, the gene expression patterns of VTC4, IMPL1, and IMPL2 were similar but not identical quantitatively and spatiotemporally. Thus, further detailed studies including metabolomic analysis will be required. SD standard deviation * Significant differences (P \ 0.01) between impl2 and impl2 ? IMPL2 by paired t test analysis Four siliques from a primary flowering stem on each of three heterozygous plants were screened for aborted seeds after daily watering with or without 500 lM histidine SD standard deviation * Significant differences (P \ 0.04) between heterozygous(-His) and heterozygous(?His) by paired t test analysis 
A motif
Amino acid sequence b a Homo sapiens IMPA1 (NP005527), Arabidopsis thaliana VTC4 (NP186936), A. thaliana IMPL1 (NP564376), A. thaliana IMPL2 (NP195623), Methanocaldococcus jannaschii strain DSM2661 MJ0109 (NP247073) b Amino acid sequence of a highly conserved region, including A motif. Identical residues are in boldface Underlined residues indicate the metal binding site of Bos taurus IMPA1 (Gill et al. 2005) 
